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Summary
Objective: Cell-matrix interactions are important regulators of cellular functions, including matrix synthesis, proliferation and differentiation.
This is well exemplified by the characteristically labile phenotype of chondrocytes that is lost in monolayer culture but is stabilized in
suspension under appropriate conditions. We were interested in the role of collagen suprastructures in maintaining or destabilizing the
cartilage phenotype of chondrocytes.
Design: Primary sternal chondrocytes from 17-day-old chick embryos were cultured in gels of fibrils reconstituted from soluble collagen I from
various sources. The culture media either contained or lacked FBS. Cells were cultured for up to 28 days and the evolution of the phenotype
of the cells was assessed by their collagen expression (collagens II and X for differentiated chondrocytes and hypertrophic chodrocytes,
repectively; collagen I for phenotypically modulated cells), or by their secretion of alkaline phosphatase (hypertrophic cartilage phenotype).
Results: The cells often retained their differentiated phenotype only if cultured with serum. Under serum-free conditions, cartilage
characteristics were lost. The cells acquired a fibroblast-like shape and, later, synthesized collagen I instead of cartilage collagens. Shape
changes were influenced by 1-integrin-activity, whereas other matrix receptors were important for alterations of collagen patterns.
Heterotypic fibrils reconstituted from collagens II, IX, and XI did not provoke this phenotypic instability.
Conclusions: Chondrocytes sensitively recognize the suprastructures of collagen fibrils in their environment. Cellular interactions with fibrils
with appropriate molecular organizations, such as that in cartilage fibrils, result in the maintenance of the differentiated cartilage phenotype.
However, other suprastructures, e.g. in reconstituted fibrils mainly containing collagen I, lead to cell-matrix interactions incompatible with the
cartilage phenotype. The maintenance of the differentiated traits of chondrocytes is pivotal for the normal function of, e.g., articular cartilage.
If pathologically altered matrix suprastructures lead to a dysregulation of collagen production also in vivo compromised cartilage functions
inevitably will be propagated further. © 2001 OsteoArthritis Research Society International
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During development, growth, and repair of long bones,
osseous tissues are formed in the step-wise process of
endochondral ossification by replacement of a cartilaginous
template. Pluripotent mesenchymal cells first differentiate
into resting chondrocytes which, subsequently, undergo a
casacade of late differentiation steps. Proliferation of
chondrocytes is followed by maturation, and eventually by
hypertrophy before the tissue is resorbed and replaced by
bone. The cascade of late differentiation after chondrogen-
esis often does not take place in many permanent cartilage
tissues, e.g. in joints, which are not destined for bone
formation. Both, chondrogenesis and late chondrocyte dif-
ferentiation are subject to temporo-spatial control by cell-
matrix interactions as well as signalling by diffusing factors.
This environmental control is incompletely understood but
is amenable to in vitro studies since many cellular features
are retained in vitro and depend on the exact culture
conditions (for review, see Ref. 1).S55Chondrocytes can lose their differentiated phenotype in
culture if they adhere to the substrate in the presence of
serum2. Because the cells take on the appearance of
fibroblasts and the biosynthetic programmes of cartilage
precursor cells, this phenomenon has been termed
dedifferentiation. It is less clear, however, whether or not
dedifferentiated chondrocytes truly re-acquire the pluri-
potency of embryonic mesenchymal cells. For example,
there are no reports on adipocytic or myoblastic develop-
ment by modulated chondrocytes but, under suitable con-
ditions, such cells can recapitulate cartilage differentiation.
Differentiated chondrocytes maintain the cartilage
phenotype if adhesion to the culture dishes is prevented.
Apparently, such conditions exist if the cells are embedded
in the presence of fetal bovine serum (FBS) into artificial
matrices, such as gels of agarose3,4, alginate5,6, or fibrillar
collagen I7–9. Thus, it is generally believed that phenotypic
modulation/dedifferentiation of chondrocytes is prevented
in suspension culture regardless of the nature of the
artificial matrix and is induced by cell-matrix interactions
that specifically exist in monolayer cultures. However, the
situation may be more complex. Chick embryo sternal
chondrocytes treated with TGF- dedifferentiate also in
agarose gels10 and some cartilage characteristics are
maintained in high density monolayer cultures (for review,
see Ref. 1) underscoring the importance of diffusing factors
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entiation is thus controlled in synergy by cell-matrix inter-
actions and diffusing factors. Here, we show that chick
embryo sternal chondrocytes can lose their phenotype as a
result of interactions with fibrils containing collagen I. Col-
lagen I-preparations from chick embryo tendons proved to
be most effective but collagen I from other sources had
similar effects.Material and methods
COLLAGEN PREPARATIONS
Lyophilized, acid-soluble collagen I from bovine skin
retaining the non-helical telopeptide regions was obtained
from Coletica, Lyon, France, and was free of non-collagen
contaminants as judged by SDS-PAGE (Fig. 1, lanes 1 and
2). Collagen I from tendons of chick embryo metatarsi or rat
tails was extracted by 0.5 M acetic acid, and was purified
according to published procedures11. The proteins were
stored at −80°C until use and were dissolved in 10 mM HCl
at a concentration of 5 mg/ml. In some experiments, the
collagen I-solution was first exposed to reducing conditions
by adjusting the pH to 8.5 by addition of 1 M unbuffered Tris,
then adding -mercaptoethanol (Sigma) to a final concen-
tration of 40 mM, followed by incubation for 24 h at 4°C. The
reducing agent was subsequently removed by exhaustive
dialysis at 4°C against 10 mM HCl.
A mixture of cartilage collagens II, IX, and XI in authentic
proportions and reconstituting into fibrils resembling those
of cartilage12 was prepared from cultures of sternal
chondrocytes of 17-day-old chick embryos seeded at
4×106 cells/ml13. To exclude the possibility of contami-
nation of the collagen preparations with residual serum
factors, FBS in the culture media was replaced by 100 ng/
ml of insulin. The collagen preparations contained neither
collagen I nor collagen X as judged by SDS-PAGE after
staining with Coomassie-Blue (Fig. 1, lanes 3 and 4). The
identification of the polypeptides of collagen II, IX, and XI
has been described elsewhere14,15. Notably, the 1(XI)-
chain was synthesized in at least three forms. This maywell be the result of alternative splicing in the amino-
terminal non-triple helical region, as described
recently16,17.
Collagen solutions were sterilized at 4°C by dialysis
overnight against an emulsion of 0.5% CHCl3 (v/v) in
aqueous solvents. CHCl3 was subsequently eliminated
by exhaustive dialysis against solvent without CHCl3.
Collagen solutions were stored at 4°C before use within
4 weeks.CELL CULTURES
The 17-day-old chick embryo chondrocytes, prepared by
collagenase digestion of different regions of sternal carti-
lage, were suspended at a density of 2×106 cells/ml in
0.5% agarose, then seeded into 35 mm Petri-dishes as
described4,18. The medium was DMEM supplemented with
25 g/ml of ascorbate, 60 g/ml of -aminopropionitrile,
1 mM cysteine, 1 mM pyruvate, 2 mM glutamine, 100 g/ml
streptomycin and 100 units/ml penicillin (complete
medium). Where mentioned, 10% of FBS was also added.
Alternatively, cells were seeded at the same density in acid
soluble collagen I at a final concentration of 1.25 mg/ml in
complete medium, followed by spontaneous gel formation.
Culture dishes were precoated with a cell-free layer of
agarose or collagen and were pre-incubated at 37°C in 5%
CO2. Agarose and/or collagen I were allowed to gel for 2 h
at room temperature and, thereafter, at 37°C. Cells were
also cultured in mixed gels of 0.5% agarose and 1 mg/ml of
collagen I or of cartilage collagens II, IX and XI in propor-
tions as purified from chondrocyte cultures in agarose (see
above). In some experiments, monoclonal antibody JG22
against chick 1-integrins (10 g/ml; Developmental
Studies Hybridoma Bank, J. Hopkins University School
of Medicine, Baltimore, U.S.A.) was added to complete
medium. The antibody was purified from hybridoma
culture media by chromatography on protein G-Sepharose
(Pharmacia, Freiburg, FRG). Media including all addi-
tives were changed every 2–3 days and cultures were
maintained for up to 28 days.   11(I)
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Fig. 1. Cartilage collagens II, IX, and XI and collagen I employed in
chondrocyte cultures in collagen gels. SDS-PAGE (4.5%–15% gel)
of native collagens stained with Coomassie-Blue. Lanes 1 and 2:
Acid-soluble collagen I from fetal bovine skin. Lanes 3 and 4:
Cartilage collagens from agarose-cultures of chick embryo sternal
chondrocytes. The samples in lanes 2 and 4 were treated with 2%
-mercaptoethanol prior to electrophoresis.COLLAGEN SYNTHESIS
Newly synthesized collagens were metabolically labelled
with 1 Ci/ml [14C]proline (285 Ci/mmol; Amersham
International). Culture media were harvested, supple-
mented with glacial acetic acid (30 l/ml; 0.5 M), and with
lyophilized pepsin (Serva, Heidelberg, FRG; final concen-
tration 0.1 mg/ml), and were stirred at 4°C overnight. Gels
containing the cultured cells were homogenized in 5 ml of
0.5 M acetic acid, containing 0.1 mg/ml pepsin, and the
mixtures were incubated at 4°C for 48 h. After proteolytic
digestion, all reaction mixtures were adjusted to pH 8 with
NaOH and rendered 1 M in Na+ by adding solid NaCl and
collagens were extracted overnight. Where applicable,
agarose was removed by centrifugation and soluble colla-
gens were precipitated overnight from the supernatants by
adding solid NaCl to 4.5 M. Pelleted materials were repeat-
edly washed with 75% ethanol to remove salts from pro-
teins and were dissolved in 50 mM Tris HCl, pH 6.8,
containing 10% glycerol and 2% SDS. The amount of total
newly synthesized collagens was determined by liquid
scintillation counting as described18. Collagen types were
analysed by SDS-PAGE on 4.5–15% gradient gels and by
fluorography. Cultures were carried out and analysed in
duplicates.
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Fluorograms were subjected to densitometry and the
data were analysed with the program Image Quant 4
(Molecular Dynamics). The linearity of the photographic
response of fluorograms was verified and calibrated by a
standard series of radiolabelled collagen chains. Where
bands displayed large differences in intensities several
fluorographs with different exposure times were analysed
and the quantities were normalized by the exposure times.LIGHT AND ELECTRON MICROSCOPY
Phase-contrast micrographs were directly taken from
living cultures. For electron microscopy of cell-free gels
containing collagen fibrils, pellets were excised, fixed in 2%
glutaraldehyde in 20 mM sodium phosphate buffer, pH 7.4,
containing 150 mM NaCl (PBS), post-fixed with 1% osmium
tetroxide in PBS, dehydrated in graded series of ethanol,
and embedded in Epon. Thin sections were stained with
saturated uranyl acetate in methanol and lead citrate and
viewed in a JEOL 1200 EX electron microscope.CELL PROLIFERATION
Cells were counted on several representative light micro-
scopic fields corresponding to a cross-section of 0.04 mm2
of each culture dish. The focus of the microscope was
adjusted to the interface of the supporting and cell-
containing gels. Therefore, the exact number of cells visible
on a particular micrograph varied with the efficiency of
sedimentation of the cells onto the surface of the precoat-
ing gel during solidification of the gels at initiation of the
cultures but was representative for the cell number of
the entire dish. 30–160 cells visible on each field were
monitored throughout the entire culture period. The rate of
proliferation was determined as the mean cell number at a
given day of culture divided by that observed at day 1 in the
same fields.FIBRIL RECONSTITUTION OF COLLAGEN I IN AGAROSE GELS
Collagen I was dissolved at 2 mg/ml in 10 mM HCl at
4°C. The solutions were degassed in vacuo and were
mixed in disposable cuvettes with an equal volume of
DMEM without phenol red equilibrated at 45°C, containing
variable amounts of low melting agarose. The cuvettes
were hermetically sealed and were incubated in a water
bath equilibrated at 37°C. Turbidity readings at 350 nm
were taken immediately after mixing of the acid collagen
solutions with the neutral medium and were regularly
repeated until at least 2 h. Gels incubated at 37°C without
collagen but with matching concentrations of agarose
served as a baseline reference.Results
Chondrocytes from the caudal third of 17-day-old chick
embryo sterna were cultured in serum-free gels formed by
fibrils reconstituted from collagen I extracted with acetic
acid from tendons of the same chick embryos or from rat
tails, or from fetal bovine skin. In all collagen substrates,
the cells gradually lost their round shape and became
elongated. Although occasional cell death was apparent inthe cultures, extensive expansion of a minor cell population
at the expense of a majority of differentiated chondrocytes
did not occur (Fig. 2A–C). In all experiments with fibrillar
gels, collagen I was not synthesized at day 1 since radio-
labelled 2(I)-chains were not detectable (Fig. 3, lane 1;
Table I) although some of the cells became spindle-like
already during the first day in culture (Fig. 2A). After 5 days,
collagen II was synthesized exclusively by a cell population
appearing largely fibroblast-like (Fig. 2B). After 8 days,
however, when almost all cells were fibroblast-like
(Fig. 2C), production of collagen I became apparent (Fig. 3,
lane 3) and constituted up to one quarter of total collagen
synthesis (Table I), depending on the source of the
collagen gel. After 15 days, this synthesis of collagen I
predominated (Table I; Fig. 3, lane 4). When cells were
embedded in gels of fibrillar collagen I from chick embryo
tendon the above biochemical changes were always
observed, while using collagen I from rat tail tendons and
some batches of bovine skin only shape changes were
observed. By contrast, biochemical alterations of the
collagen repertoire did not always occur (not shown).
Chondrocytes from the cranial third in similar gels of
bovine or chick embryo collagen also underwent pheno-
typic modulation albeit more slowly and with distinct fea-
tures. Unlike in caudal cells, collagens II and X (Fig. 3, lane
5; Table I) were secreted by initially round cranial cells
(Fig. 2D). The proportion of collagen X in the media
increased somewhat until day 5 (Table I) when cells with
fibroblast-like shape began to appear (Fig. 2E). After
8 days, production of collagen X subsided altogether, that
of collagen II continued, and that of collagen I was initiated
(Table I; Fig. 3, lane 7). By that time, almost all of the cells
had lost their round shape (Fig. 2F). Finally, after 15 days,
stellate cells strongly expressed collagen I (Fig. 3, lane 8)
which accounted for about three quarters of the collagen-
radiolabel (Table I). Our observations on both chondrocyte
populations demonstrated that the expression of collagen I
only poorly correlated with the fibroblastic cell shape during
the course of phenotypic modulation.
In previous experiments, only radioactive proteins of the
media were analysed. Therefore, a partial dedifferentiation
may have gone unnoticed, because newly synthesized
collagen I may have become incorporated into the fibrillar
collagen I matrix whereas cartilage specific collagens II and
X were released into the media. Therefore, proteins in
the media and the gels were analysed separately by
SDS-PAGE for a number of representative cultures.
Densitometric analysis of the electrophoretic patterns
revealed that 60–80% of the total radioactive collagens
remained in the gels and had a composition similar to the
collagens in the media although collagen X was more
easily released into the media than collagen II. Under none
of the culture conditions studied in this paper, however, was
collagen I found in one culture compartment, only. Thus,
the biochemical phenotype of the cells could reliably be
monitored by analysis of the medium proteins.
Taken together, these results show that serum-free
culture in fibrillar collagen I can lead to morphological
and biochemical changes in all sternal chondrocytes. Mor-
phological changes occurred in gels of fibrillar collagen I
from all sources. They were not consistently associated,
however, with a departure from the biochemical parameters
of the cartilage phenotype.
Candidate mediators for matrix-triggered phenotypic
modulation include 1-integrins which are known collagen-
receptors in chicken chondrocytes19–22. Therefore, cul-
tures were supplemented for 15 days with a neutralizing,
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Fig. 2. Sternal chondrocytes derived from the caudal and cranial zones are morphologically altered in gels of collagen I-fibrils without FBS.
Phase contrast micrographs of cells seeded at a density of 2.5×106 cells/ml in gels of collagen I-fibrils and cultured for the times indicated.
A to C: Caudal cells. D to F: Cranial cells. Bar, 20 m. Note: Spindle-like caudal cells and stellate cranial cells.Col IX
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Fig. 3. Chondrocytes embedded into gels of collagen I-fibrils
modulate their collagen biosynthesis. Cells were cultured for the
times indicated. The culture media were subjected to limited
digestion with pepsin and radiolabeled proteins were subjected to
SDS-PAGE and fluorography. A constant fraction of total medium
proteins has been applied to each lane. Pepsin-resistant poly-
peptides synthesized by caudal (lanes 1–4) or cranial (lanes 5–8)
cells are identified by the labels on the right hand side. Col IX
denotes the unreduced peptic fragment HMW of collagen IX.non-activating monoclonal antibody against chicken
1-integrins (JG22;23) at a large excess (10 g/ml). This
resulted in a substantial reduction of the rate of shapechanges of, both, caudal and cranial cells (Fig. 4) indicating
that the cell shape was determined, at least in part, by
1-integrin-activity. Strikingly, however, cells rounded up by
the antibody still produced collagen I similarly to untreated,
fibroblast-like counterparts. For example, about 70% of the
caudal cells remained round in the presence of the anti-1-
integrin-antibody on day 8 of culture, compared with only
25% untreated control cells (Fig. 4). However, the cells did
not differ in the level of collagen I-expression (Table I). After
15 days, collagen I was the major collagen type expressed,
again regardless of the presence of the antibody (Table I).
Cranial cells only slightly differed from caudal cells in this
respect. Collagen expression, including that of collagen X,
was unaffected by the antibodies against 1-integrins
(Table I).
In summary, alterations in the programme of collagen
biosynthesis occur independently of shape changes in
chondrocytes undergoing phenotypic modulation environ-
mentally induced by collagen I-containing fibrils. In some
gels containing collagen I from bovine skin, biochemical
modulation occurred only after several weeks in culture, i.e.
long after shape changes were complete. In rat tail tendon
collagen I, only morphological changes took place whereas
changes in the marker collagen repertoire were not
observed at least for 5 weeks. By contrast, antibodies
to 1-integrins caused the cells to remain round for
longer periods of time whereas changes in the biosynthetic
repertoire were entirely unaffected.
Further, we studied the cellular response to heterotypic
fibrils reconstituted from mixtures of purified collagens II,
IX, and XI in proportions synthesized by similar chondro-
cytes in agarose gels. This particular mixture was also
chosen because it generates uniformly thin fibrils closely
Osteoarthritis and Cartilage Vol. 9 Suppl. A S59Table I
Collagen biosynthesis by chondrocytes embedded into gels of collagen I-fibrils
Days in culture
Anti-1-integrin
Caudal cells Cranial cells
1
−
1
+
5
−
5
+
8
−
8
+
15
−
15
+
1
−
1
+
5
−
5
+
8
−
8
+
15
−
15
+
1(I)+1(II) 92 98 92 99 91 89 75 75 58 64 40 48 98 96 75 76
2(I) 0 0 0 0 8 11 25 25 0 0 0 0 2 4 25 24
Collagen IX 6 2 5 1 1 <1 0 0 3 3 <1 <1 0 0 0 0
1(X) 0 0 0 0 0 0 0 0 38 33 60 52 0 0 0 0
1(XI)+2(XI) 2 <1 3 <1 <1 <1 0 0 1 <1 <1 <1 0 0 0 0
Radioactive collagens released into the culture media were quantified by scanning densitometry of fluorograms such as that shown in
Fig. 3. The values correspond to the fraction of radioactivity of individual bands as a percentage of collagenous polypeptides. The linearity
of the photographic response of the X-ray films was verified and calibrated by a standard series on the same gel of collagen I-polypeptides
with known radioactivity.caudal cells
days in culture
1 5 8 15 1 5 8 15
0
0.2
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Fig. 4. Antibodies to 1-integrins interfere with shape changes induced by collagen I-fibrils. Cells were cultured with (——, ——) or
without (– –– –, – –– –) 10 g/ml of antibodies to 1-integrins re-supplemented with all media changes (2–3 days). Total cell counts and
that of round cells were determined in three to seven fields representing 0.04 mm2 of culture surface. Values are given as mean fractions of
round cells.resembling those of sternal cartilage of chick embryos12,14.
Presumably due to their small diameter, such collagen
fibrils yielded fragile gels which were unsuitable as culture
supports. For this reason, we established cultures in firm
gels consisting of a mixture of agarose and cartilage
collagen-fibrils. The final concentration of total collagen
was 1 mg/ml, i.e., comparable with that used in the exper-
iments with collagen I-fibrils. As revealed by electron
microscopy, the fibrils of collagens II, IX, and XI in agarose
preserved the features of cartilage fibrils. No large diameter
fibrils with an intense banding pattern were seen (Fig. 5A)
whereas collagen I-fibrils in agarose (Fig. 5B) had typical
properties of reconstituted collagen I-fibrils, i.e. a strong
D-periodic banding pattern, large size, and lack of diameter
control24. The thin and flexible filaments in the background
represent agarose since they were also seen on control
sections. Total collagens were extracted after 15 days and
were analysed by SDS-PAGE. Quantitation of the collagen
bands revealed that at least 90% of cartilage collagens as
well as collagen I were retained in the gels. Caudal cells
preserved their round shape for 15 days in mixed gels of
agarose and cartilage collagen fibrils (not shown) and
expressed a cartilage repertoire of collagens (Fig. 6,
lane 1) closely similar to cells cultured under serum-free
standard conditions in agarose. Cranial cells became larger
but remained round (not shown) and produced collagens II
and X (Fig. 6, lane 4), again similarly to standard cells in
agarose25. This situation persisted for at least one month
(not shown). Mixed gels containing agarose and collagen
I-containing fibrils supported both morphological and bio-
chemical modulation, including initiation of collagenI-production (Fig. 6, lanes 2 and 5) and discontinuation of
collagen X-synthesis in cranial cells (Fig. 6, lane 6). We
conclude that chondrocytes lost their differentiated pheno-
type in gels containing collagen I-fibrils but were indifferent
towards heterotypic cartilage collagen fibrils.
Curiously, the modulation in mixed gels consistently was
slower than in pure collagen I-gels. Even after 15 days in
culture, alterations in collagen production were clearly less
extensive (Fig. 6, compare lanes 2 and 5 with lanes 3 and
6, respectively). To elucidate the reasons underlying the
increased phenotypic stability of chondrocytes in mixed
collagen I/agarose gels, in vitro-fibrillogenesis was studied
of collagen I in agarose gels. A constant amount of soluble
collagen I (1 mg/ml) was mixed with variable amounts of
agarose and the kinetics of fibril formation were monitored
by turbidity. Fibril formation reached plateau levels after
about 60 min regardless of the amount of agarose indicat-
ing that the rate of fibril formation was unaltered by
agarose. By contrast, the maximal turbidity values reached
were dose-dependently reduced by the agarose content of
the mixtures (Fig. 7). This reduction in light scattering of the
final fibril reconstitution product can either be explained
by thinner fibrils formed by all of the collagen or by fewer
large fibrils coexisting with unpolymerized collagen I.
Examination of reconstituted collagen I-containing fibrils
embedded into agarose revealed that the characteristic
suprastructural properties, i.e. well banded fibrils with large
and heterogeneous diameters, were not altered by agarose
(Fig. 5B). Therefore, the reduced plateau levels in turbidity
were due to a decreasing number, but not size of the fibrils
with increasing proportions of agarose. We conclude that
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was due to an exposure of the cells to fewer, but normal
collagen I-containing fibrils.Fig. 5. Fibrils reconstituted in agarose gels resemble those
formed in aqueous buffers. Electron micrographs of heterotypic
fibrils reconstituted from collagens II, IX, and XI (A) or collagen I
(B) at 1 mg/ml in 0.5% agarose gels. Note: Collagen I-fibrils are
strongly banded and lack diameter control. Cartilage collagens
form uniformely thin, unbanded fibrils. Bar, 300 nm.   1(I), 1(II)
   2(I)
 1(X)
1 2 3 4 5 6
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Fig. 6. Chondrocyte phenotype depends on the suprastructure
of fibrillar aggregates. Pepsin-treated, radiolabelled collagens
released into the media by caudal (lanes 1–3) and cranial (lanes
4–6) cells after 15 days of culture were subjected to SDS-PAGE
and fluorography. The culture support was: 0.5% agarose
and fibrils reconstituted from 1 mg/ml cartilage collagens II, IX, and
XI (lanes 1 and 4), or 0.5% agarose and 1 mg/ml of collagen I
(lanes 2 and 5), or gels formed by 1 g/ml of collagen I alone (lanes
3 and 6).Fig. 7. Agarose reduces the amount of fibrils formed by collagen I.
Kinetics of fibrillogenesis of collagen I/agarose-mixtures in vitro.
The buffer was DMEM, the pH was 7.4, and the temperature was
37°C. The amount of collagen I was 1 mg/ml) and the numbers
above the curves denote the concentrations in mg/ml of agarose in
the mixtures. The turbidity at 350 nm (path length: 1 cm) of the
reaction mixtures was monitored as a function of time. The
readings were blanked against gels with matching concentrations
of agarose alone.Discussion
The results presented here demonstrate that chondro-
cytes exposed to collagen I-containing fibrils can lose their
differentiated phenotype. Importantly, the collagen appears
to be more effective in its fibrillar, rather than its non-
aggregated form. Unlike late differentiation occurring exclu-
sively in cranial chondrocytes8,25, the matrix stimulus of
collagen I-fibrils similarly affected cells from all regions of
the sterna.
Shape changes were linked to 1-integrin-activity
whereas alterations in collagen synthesis were not. There-
fore, pathways involving several matrix-receptors differ-
entially control the two hallmarks of phenotypic modulation.
This situation is distinct from the response of arterial
smooth muscle cells which are growth-arrested by fibrillar
collagen I, but proliferate when stimulated by the mono-
meric protein. Both effects are mediated by the same
collagen-binding matrix receptor, i.e. 21-integrin, that
recognizes both fibrillar and monomeric, but not denatured
collagens26. However, collagen-induced effects not in-
volving 21-integrin were recently reported also for
platelets27. Candidate receptors which may mediate bio-
chemical modulation of chondrocytes include discoidin-
domain receptor kinases DDR1 and DDR2 activated by
collagens independently of 1-integrins28,29 or, possibly,
anchorin CII/annexin V30j V3-integrin does not qualify
since this receptor only recognizes unfolded collagens.
Moreover, 2- or 3-integrins are not expressed at high
levels by differentiated chondrocytes31.
Adherence of chondrocytes to culture dishes causes
shape changes that are thought to affect gene expression,
including those of collagens32,33. This notion, however, is
not easily reconciled with several observations made here.
Changes in collagen synthesis did not occur in serum-free
collagen I-gels until well after the cells had lost their
spherical shape. Conversely, treatment with antibodies to
1-integrins retarded the loss of the round cell shape but,
nevertheless, the synthesis of cartilage collagens was
discontinued. Finally, initiation of phenotypic modulation in
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diffusing signals. Serum-factors powerfully overruled the
matrix-stimulus of collagen I–containing fibrils towards
dedifferentiation in that serum-exposed cells retained the
cartilage phenotype and even underwent late differentiation
in the case of cranial cells.
Transforming growth factors- (TGF-), several isoforms
of which are produced by chondrocytes themselves34–36,
induce modulation of chick-embryo sternal chondrocytes
in serum-free agarose-cultures10. Therefore, the dediffer-
entiation observed here may have been caused by TGF-,
either co-purified with preparations forming the support
gels, or produced by the chondrocytes themselves in an
autocrine loop. Both possibilities were excluded, however.
Modulation was not abrogated when collagen I, prior to
establishment of the cultures, was treated with reducing
agents which would irreversibly inactivate TGF-. Cultures
continuously treated with a monoclonal, neutralizing anti-
body to TGF-210 were not distinguishable from untreated
controls. However, when TGF-2 was added to the cultures
collagen I-production was accelerated, an effect offset by
anti-TGF--antibodies (Farjanel and Bruckner, unpub-
lished). Finally, the TGF--mediated loss of the cartilage
phenotype in agarose cultures is indifferent to serum
factors10 whereas dedifferentiation induced by collagen
I-fibrils was not.
Modulation of collagen synthesis did not occur in gels
containing fibrils reconstituted from collagen I from rat tail
tendons or cartilage collagens. In addition, some of the
bovine skin collagen preparations also had a low capacity
to cause dedifferentiation. This suggests that chondrocytes
can sensitively recognize the precise supramolecular
organization of their fibrillar environment. Certain arrange-
ments of collagen molecules within the fibrils are compat-
ible with the chondrocytic phenotype whereas others are
not. The collagen structure in fibrils is known to high
resolution in only two selected cases, i.e., rat tail tendon37
and the notochord sheath of lampreys38. However, X-ray
fibril diffraction studies have demonstrated that supra-
molecular collagen assemblies vary from one tissue to
another39,40. This may be related to the collagen com-
position of heterotypic collagen I-containing fibrils. The
phenotypic stability of chondrocytes may, thus, depend on
an appropriate periodic occurrence and lateral spacing of
interaction sites on the fibril surface. The importance of the
supramolecular organization of matrix macromolecules for
cell-matrix interactions is underscored by our observation
that fibrillar, but not soluble collagen I destabilized the
cartilage phenotype whereas fibrils composed of cartilage
collagens II, IX and XI did not. If generally applicable, the
concept could well explain why commonly studied inter-
actions of matrix receptors with collagen molecules of any
particular type do not have unique consequences. This is
well exemplified also by the differential proliferative
response of arterial smooth muscle cells to monomeric and
fibrillar collagen I26,41.
Collagens II, IX and XI, but not collagen I, are character-
istic components of fibrils of hyaline cartilage whereas
collagen I occurs in fibrocartilage. During endochondral
ossification, collagen I is the major collagen in newly
formed bone and may be synthesized by modulated
chondrocytes (stage III chondrocytes)42,43 together with
immigrating bone cells. In addition, collagen III, but not
collagen I, appears to be synthesized abundantly in some
cases of degenerative joint diseases44. However, the
occurrence of collagen I in degenerative joints has also
been reported45–47. The phenotypic flexibility of chondro-cytes thus plays an important role in cartilage biology and is
tightly controlled by signals of, both, the extracellular matrix
and diffusing factors in synergy. As shown here, collagen
matrices comprise specific signals that either stabilize or
destabilize the phenotype of chondrocytes. An alteration of
these signals may be responsible for phenotypic changes
of cartilage cells in normal bone development or in
pathological conditions, such as growth abnormalities or
degenerative joint diseases.Acknowledgments
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